ABSTRACT: We present RegT-Band, a tropical band version of the regional climate model RegCM4, and analyze a 5 yr simulation for the period 1998−2002 with observed sea-surface temperature (SST) and lateral boundary condition forcing. The domain extends from 50°S to 50°N and covers the entire tropics at a grid spacing of about 39 km, i.e. it includes lateral boundary forcing only at the southern and northern boundaries. RegT-Band captures the basic features of the tropical circulation and associated precipitation patterns. The most noticeable model deficiencies occur over the Indian Ocean, where the convective parameterization used presents some problems. Monsoon precipitation patterns over different regions are captured, although the model shows a tendency for an early onset of the Indian and northern Australian monsoon. The model also captures the ENSO signal on the precipitation anomaly patterns for the 1998 El Niño event compared to the 2000 La Niña event. Although further testing is needed, this simulation shows encouraging results towards the use of RegT-Band for the study of tropical climate processes.
INTRODUCTION
A new version of the Abdus Salam International Centre for Theoretical Physics (ICTP) regional climate modeling system, RegCM4, has recently been developed and released for community use (Giorgi et al. 2012, this Special) . One of the innovative options developed within the RegCM4 system is the possibility to run it in a tropical band configuration (hereafter referred to as RegT-Band). To date, only a few regional climate models (RCMs) have been run in such a configuration (Tulich et al. 2010 , Murthi et al. 2011 , Ray et al. 2011 . RegT-Band offers the opportunity to explore a range of processes related to tropical climate interactions and to assess the performance of given physics parameterizations in a wide range of climate contexts. For example important intra seasonal variability phenomena, such as the eastward propagating Madden−Julian Oscillation (Madden & Julian 1972) , or convectively coupled Kelvin waves, can be studied only in a global tropical set-up. In addition, the ENSO-monsoon teleconnections can be properly simulated as long as they are mainly governed by tropical wave responses such as, for example, the ENSO−Indian monsoon and ENSO−West African monsoon relations (e.g. Ju & Slingo 1995 , Giannini et al. 2003 . Such teleconnections are typically difficult to model with a conventional regional model set-up because of the large Pacific region to be included. In addition, climate change signals in tropical regions may also depend on the tropical SST changes, and influences on the monsoons may be better simulated if the domain includes the tropical Pacific and other tropical basins (e.g. Rauscher et al. 2010 , Mariotti et al. 2011 .
In addition, when run in a tropical band configuration due to the large size of the domain, an RCM is less strongly influenced by lateral boundary condition forcing than in its typical limited area domain configuration. This offers 2 additional opportunities. On the one hand, model performance reflects its ability to simulate large-scale circulations and processes not strongly forced by the lateral meteorological boundary conditions, as in traditional RCM experi-ments. In this regard it could be argued that the tropical band RCM might behave more as a global model than as a regional one. On the other hand, the comparison with results from corresponding traditional RCM experiments over domains encompassed by the tropical band can provide useful information on the effects of the lateral boundary forcing in limited area domains.
It is thus clear that the capability of running in tropical band mode provides an important added value for an RCM system. From a technical point of view, the implementation of the tropical band configuration is relatively straightforward, at least within horizontal grid systems such as that of the RegCM4 (see Section 2), and it does not present particularly complex technical problems. Based on these considerations we developed the RegT-Band configuration, and in the present paper we discuss a first experiment to assess its first-order performance. It should be stressed that the RegCM system was not originally intended to be run in this global-like mode, so that this provides a very stringent test of its behavior.
The experiment discussed here consists of a 5 yr simulation for the period 1998−2002 using ERAInterim reanalysis boundary conditions (BC) at the northern and southern boundaries and observed seasurface temperatures (SST) at the lower boundary. This choice of 5 yr was made in order to include a strong El Niño event (1998) and a La Niña event (2000) and is also justified by the maximum overlapping time between the ERA-interim needed as BC and the Climatic Research Unit (CRU; Mitchell et al. 2004 ) observed temperature dataset used to validate the model. Although this is not a long enough run to provide robust information on climate variability, it is sufficiently long to provide an assessment of systematic biases in the model climatology, particularly because it is referred to a specific hindcast period. A base analysis of this simulation is conducted, comparing the model results with observed precipitation, temperature and large-scale circulations, both for the entire model domain and for 5 common monsoon sub-regions: Sahel, eastern Africa, India, northern Australia and Central America (Fig. 1 ). An analysis of the model performance in reproducing first-order El Niño−Southern Oscillation (ENSO) patterns is also presented, as ENSO is a key phenomenon regulating tropical climate variability.
DESCRIPTION OF REGT-BAND
RegCM4 is an evolution of the previous version, RegCM3, described by Pal et al. (2007) . The main model characteristics along with some test and sensitivity experiments over various domain specifications from the CORDEX program ) are described in Giorgi et al. (2012) . RegCM4 is a hydrostatic, sigma-p vertical coordinate model with multiple physics options. For the present experiment we use the following options described in Giorgi et al. (2012) : modified CCM3 radiative transfer scheme (Kiehl et al. 1996) , modified Holtslag et al. (1990) planetary boundary layer scheme, SUBEX resolvable 116 Elevation (m) Fig. 1 . Model domain and topography. Also shown are 5 monsoon regions selected for more detailed analysis: Sahel, East Africa, India, northern Australia and northern South America precipitation scheme (Pal et al. 2000) , mixed cumulus convection configuration utilizing the scheme of Grell (1993) over land and that of Emanuel (1991) over oceans and the biosphere−atmosphere transfer scheme (BATS; Dickinson et al. 1993 ) land surface package. This choice of physics schemes was made after a series of preliminary test experiments not only in the RegT-Band configuration but also in limited area domains (Giorgi et al. 2012) . The tropical band configuration is implemented in a straightforward way. Using a Mercator projection horizontal grid, the grid interval is chosen as:
where R is the radius of the Earth and N is the number of grid points in an east−west direction. With this choice of Dx, the end points at the eastern and western boundaries exactly overlap; therefore, if periodic lateral BCs are used in an east−west direction, a continuous field is obtained for a tropical band encompassing the entire Earth's circumference. For our experiment we chose N = 1024 so that the model can be run in multi-tasking mode with good scalability up to 256 processors (1024/4). This yields a grid interval of about 39 km. In a north−south direction the domain extends from about 50°S to 50°N, and a standard exponential relaxation procedure (Giorgi et al. 1993 ) is used in the southern and northern boundaries over a buffer zone with a 12 grid point width. Therefore, the model uses forcing lateral BC only in the northern and southern boundaries of the domain, with no external forcing in an east−west direction (periodic conditions at the overlap end points). Finally, the model utilizes 18 vertical sigma levels and a top at 50 hPa, as in its standard configuration. Fig. 1 shows the model domain and topography along with some sub-regions selected for more detailed regional analysis.
Forcing conditions at the northern and southern boundaries are obtained from the ERA-Interim reanalysis of observations (Uppala et al. 2008) , and SSTs at the lower boundary are taken from Reynolds et al. (2002) . The simulation period starts on 1 January 1998 and ends on 31 December 2002. Observed data used for model validation include the Tropical Rainfall Measuring Mission (TRMM, 0.25° × 0.25°r esolution daily precipitation product; Kummerow et al. 2001 , Huffman et al. 2007 ), the Global Precipitation Climatology Project daily precipitation dataset (GPCP, 1° × 1° resolution; Huffman et al. 2001) , the CRU 0.5 degree resolution land temperature and precipitation monthly data and the ERA-Interim atmo spheric and surface fields.
ANALYSIS OF MODEL SIMULATION

Mean climatology
Figs. 2, 3 & 4 first compare the ERA-Interim and RegT-Band simulated zonally averaged temperature, u-wind and vertical velocity (omega) cross sections (in pressure coordinates) in December-JanuaryFebruary (DJF) and June-July-August (JJA). Clearly the model reproduces the basic features of both mean temperature and circulation as found in the ERA-Interim reanalysis. The vertical and latitudinal temperature gradients are consistent across the 2 datasets, as is their seasonal variation. The model shows a mid-tropospheric cold bias core of up to 3−4°C and an upper tropospheric warm bias locally reaching several degrees. Concerning the zonal wind ( Fig. 3) , the model reproduces the main jet core structure in both seasons. Compared to ERA-Interim the westerly upper tropospheric jet cores in the winter season are displaced slightly poleward. The location of the low level summer easterly tropical jets is well reproduced by RegT-Band, although the intensity of these jets is somewhat greater than in the reanalysis. Similarly, the upper tropospheric equatorial easterly jet core is well placed, but it is stronger in the model than in ERA-Interim by up to several meters per second. The ascending and descending branches of the Hadley cell are well located by the model (Fig. 4) , although the intensity of the vertical velocity between the equator and 10°N in DJF is overestimated. This is dynamically consistent with the overestimation of precipitation and westerly flow by the model (see below, Figs. 6 & 9) over the Pacific Ocean in the same season at the same latitude. From  Fig. 4 it is also seen that the ITCZ position is well reproduced in JJA in, but, in DJF, the model shows a slightly northern displacement of the convergence zone and underestimates the strength of the cell south of the equator. Despite the presence of the systematic biases discussed above, Figs. 2−4 show that the RegT-Band configuration captures the overall large-scale structure of the tropical troposphere. Fig. 5 shows the zonal precipitation cross section for DJF and JJA, land only and land + ocean (full data and without the Indian Ocean, see below, this section) areas in RegT-Band, TRMM, GPCP, ERA-Interim and CRU (for the land-only figure). When both land and ocean areas are considered, in JJA, the model captures the magnitude and location of the Inter-Tropical Convergence Zone (ITCZ) at about 10°N. The subequatorial secondary peak is slightly displaced to the south, while precipitation is overestimated between ) for DJF (left panels) and JJA (right panels) in RegT-Band (a,b) and ERA-Interim (c,d) . (e,f) Wind bias for DJF and JJA, respectively 15 and 30°N. Finally, precipitation is well simulated south of 25°S and north of 30°N. In DJF the model performance deteriorates in the equatorial regions. In fact, the model displaces to the south and underestimates the sub-equatorial ITCZ primary maximum and overestimates the north-equatorial one. Comparison with the land-only precipitation cross sections (Fig. 5a,b) suggests that this problem is mostly related to ocean precipitation, as land precipitation is by and large well reproduced in both seasons.
To better understand this model bias, Fig. 6 compares TRMM, GPCP and RegT-Band spatial distribution of mean precipitation and bias for DJF and JJA. The main features of the spatial distribution of tropical precipitation are reproduced by the model. The ITCZ is well placed over both the Pacific and Atlantic Oceans in JJA, while a slight displacement to the south over the western equatorial Pacific is found in DJF. The mid-latitude storm tracks off the major continental areas are also captured, as are the precipitation patterns over the continental areas (which will be examined in greater detail in Section 3.2). Among the main model deficiencies, however, we find an overestimate of precipitation over the warm pool and the western Pacific regions and, especially, areas of the Indian Ocean, where the precipitation patterns are somewhat misplaced compared to observations. It therefore appears from Fig. 6 that an important contribution to the model−observation discrepancies in both the DJF and JJA zonal precipitation patterns illustrated in Fig. 5 are contributed by the Indian Ocean. In order to assess this contribution, Panels e and f of Mean (1998 Mean ( −2002 zonal omega (dp/dt) cross section for DJF (left panels) and JJA (right panels) in RegT-Band (upper panels) and ERA-Interim (lower panels) with observations in both seasons. In JJA the excess simulated precipitation between 15° and 30°N is substantially reduced (although not entirely removed), while in DJF the precipitation double peak appears more in line with observations, although still overestimated. It thus appears that the use of the Emanuel scheme over the Indian Ocean does not provide a good simulation of precipitation there, and different convection schemes, along with the use of interactive oceans, might provide a better representation of Indian Ocean precipitation (e.g. Ratnam et al. 2009, Mariotti pers. comm.) . Indeed, the study by Davis et al. (2009) indicates that precipitation over the Indian Ocean is sensitive to the choice of convective parameterization. More testing is require to improve this aspect of the model. Fig. 8 shows the spatial distribution of the temperature biases. Clearly, the model tends to be too cold by a few degrees in most land areas of the tropics in both seasons. To investigate the reasons for this systematic bias, a comparison of observed and simulated average daily maximum and minimum temperatures is also reported in Panels c and d of Fig. 7 . It is clear from this figure that the greatest contribution to the cold temperature bias is from an underestimate of daily maximum temperature. This can, in turn, be traced to the diurnal cycle of precipitation. In the model, precipitation peaks mid-day, between 12:00 and 15:00 h, however, over many tropical regions the peak precipitation occurs in the evening (Biasutti et al. 2003 , Diro et al. 2012 . As a result the model has excessive cloud shading and evaporative cooling at mid-day, which tends to produce excessively low maximum daytime temperatures. This is a common problem in climate models (Yang & Slingo 2001 , Collier & Bowman 2004 , Dai & Trenberth 2004 and is related to the behavior of most convective schemes which strongly respond to local production of buoyant energy. The tendency of RegCM to exhibit a cold bias over equatorial and tropical land re gions has been noted in previous model applications (Giorgi et al. 2004 (Giorgi et al. , 2012 . Other possible contributions to this bias may be related to excessive vertical transport in the Holtslag Planetary Boundary layer scheme or to excessive evapotranspiration produced by the BATS land surface scheme (Giorgi et al. 2012) . It has also recently been found that the BATS surface albedos are generally larger than estimates from MODIS satellite observations (T. A. O'Brien pers. comm.), and this might also contribute to the model cold bias.
We also note that ERA-Interim generally shows lower tem peratures than CRU and that, in tropical regions, the paucity of observation station data, particularly in remote areas, might yield significant uncertainties in the CRU dataset.
Finally, Fig. 9 compares 925 hPa zonal wind in RegT-Band and ERA-Interim. Clearly the model reproduces the basic structure and seasonal migration of the surface easterlies, as well as some detailed regional patterns associated with the con tinental outlines. In JJA it is also evident that the Indian monsoon regime is well reproduce (westerly wind) compared to the reanalysis. Differences compared to ERA-Interim can, however, be found, for example over the northwestern equatorial Pacific, where the easterlies are stronger in the model than in ERAInterim, mainly for DJF. The same deficiency is also evident from Fig. 3 . RegT-Band (upper panels) and ERA-Interim (lower panels)
As a summary assessment of the analyses in this section, we can conclude that, al though some systematic model biases are found, the RegT-band configuration is able to simulate the basic circulation, temperature and precipitation patterns of the tropical atmosphere.
Regional monsoon precipitation patterns
In this section we turn our attention to the 5 monsoon sub-regions shown in Fig. 1 to assess whether the model can reproduce the seasonal and intraseasonal evolution of these regional monsoon systems.
Towards this goal, Fig. 10 first shows the seasonal evolution of the regional average monthly precipitation (land only) in the RegT-Band, CRU, TRMM, GPCP and ERA-Interim data sets for the 5 regions, while Fig. 11 pres ents the corresponding Hovmoller diagrams based on daily precipitation (thus not for the monthly CRU data). The latter are zonal cross sections of daily precipitation which illustrate the intraseasonal evolution of the monsoon.
Over the Sahel region (Fig. 10) we first note a substantial discrepancy between the CRU observations, which are only station-based, and the TRMM and GPCP observations, which are mostly based on satellite products. In particular, the CRU precipitation is substantially lower in the onset and recession phases of the monsoon and exhibits a peak during the mature phase, which is misplaced compared to the other observation datasets. The RegT-Band precipitation is close to CRU in the early onset and recession phases of the monsoon (and thus it is underestimated compared to the other datasets), while it is greater than observed in the mature monsoon phase. The East African monsoon precipitation shows better agreement between the CRU and satellite-based observations. The model slightly overestimates the precipitation intensity in the central part of the rainy season, and it also anticipates the monsoon onset during the month of September.
Better agreement across the 3 observation datasets is found over continental India, with a peak monsoon phase in JJA. Over this region the model shows a clear overestimation during the pre-and early monsoon phases (February to May) and better agreement for the rest of the monsoon cycle (except for an overestimate in July). A problem of early monsoon onset also appears over the northern Australia region, where the observed monsoon rain peaks in February and is at a minimum in September. The model reproduces the February peak; however, it displaces the minimum in June because of precipitation overestimation between August and January. Finally, over the northern South America region the model reproduces the observed annual cycle of precipitation but overestimates the precipitation amounts, particularly compared with the satellite-based datasets, which show substantially lower precipitation than CRU. We finally note that the ERA-Interim precipitation shows good agreement overall, in particular with the TRMM and GPCP data over all regions, illustrating the improved quality of this reanalysis product over tropical regions (Uppala et al. 2008) .
The regional Hovmoller diagrams in Fig. 11 are consistent with the monthly seasonal average results, but show substantial intraseasonal structure. Over the Sahel, the observed precipitation band shows 2 sudden northward jumps, 1 in early June and 1 in midJuly. Both jumps are reproduced and well placed by the model, although the intensity of precipitation is overestimated. Conversely, we observe an underestimate in the early and late monsoon phases, essentially between November and March. In East Africa the model is able to represent the monsoon onset and decay, but it overestimates the precipitation intensity in the equatorial areas.
Over India, the monsoon rain band quickly moves northward from about 10°N in May to 20−25°N in July, where it resides until mid-October when it starts moving south during the recession phase. The RegT-Band clearly shows an overestimate of precipitation between March and August at low latitudes, south of 15°N, where the monsoon front appears to stagnate compared to observations. The simulated monsoon rain band does reach 20−25°N during the mature phase, and the monsoon recession is more in line with the observation datasets.
In the northern South America region the model reproduces the seasonal migration of the monsoon rain band; however, it overestimates precipitation in the equatorial regions during the mature monsoon phase (January through March). Finally, the northern Australia monsoon migrates from about 5°S in the austral winter months (July through October) to about 15°S in the mature phase (January−March). The RegT-Band reproduces this annual cycle, but displaces to the south (compared to observations) the monsoon front in the onset phase (September through November).
Overall, the results presented in this section indicate that the RegT-Band captures the basic evolution of the monsoon systems over different regions; however, it results in deficiencies compared to observations. In particular we find an early and overestimated onset of monsoon precipitation over the Indian and northern Australia monsoon regions. These may be associated with convection as well as surface process representations, and more testing is required to assess which model options and parameters can improve this problem.
Simulation of ENSO precipitation anomalies
The ENSO phenomenon has been shown to be a major driver of tropical climate variability (Trenberth et al. 1998 , Shukla 2000 . ENSO events, consisting of a warm anomaly in the winter SST patterns over the eastern equatorial Pacific, occur at a frequency of about 2 to 6 yr. During our simulated time period (1998-2002) a major ENSO event took place in the winter of 1998, perhaps the most intense on record in the 20th century (Fedorov & Philander 2000 , Wang & Picaut 2004 . Conversely, the winter of 2000 was characterized by the opposite (La Niña) SST conditions (see for example www.aoml.noaa.gov/phod/ regsatprod/ enso/ enso34/sst_ts.php). Our simulation period thus in cludes both an El Niño and a La Niña event, which are indeed well represented in the observed SST dataset used to drive the RegT-Band model. Fig. 12a depicts the difference in SST between the El Niño of 1998 and La Niña of 2000 used in the model, showing a marked warm anomaly of up to a several degrees over the central and eastern equatorial Pacific, with cold anomalies to the south and north of the area.
Although ensemble simulations may be necessary to capture the atmospheric response to ENSO (Shukla 2000) , given the magnitude of the events mentioned above, it is possible that even individual realizations, such as completed here, may capture the first-order precipitation response to ENSO anomalies. Based on these considerations, Fig. 13 presents the difference in January-February-March (JFM) precipitation and surface wind between the 1998 El Niño and 2000 La Niña years in the RegT-Band, TRMM and GPCP observations.
In terms of the El Niño response, both TRMM and GPCP show a band of positive precipitation anomaly across the equatorial Pacific, with bands of negative anomaly north and south of it in the central and western Pacific. This pattern, which is one of the leading precipitation responses to El Niño (e.g. Ropelewski & Halpert 1987 , Trenberth et al. 1998 , Yadav et al. 2010 , is well captured by the model and is due to the response of convection to the Pacific SST anomalies (Fig. 13) . Both the observations and the model show a negative precipitation anomaly over the Atlantic, while more mixed signals are found over the Indian Ocean. The wind anomaly shows convergence patterns consistent with the precipitation anomalies. ) and surface wind between the 1998 El Niño and 2000 La Niña events in RegT-band, TRMM and GPCP Moving to the land precipitation response, in the observation products we find positive anomalies over eastern Africa, East China, the southeastern United States and the lower La Plata River basin. These are also consistent with the leading precipitation response to El Niño anomalies (Ropelewski & Halpert 1987 , Trenberth et al. 1998 and are captured by the model, except for the anomaly over the La Plata basin, which shows a more mixed signal in the model. Observed negative anomalies are found over Australia, southern Africa and large parts of the Amazon basin. These are also by-and-large captured by the model, although with varying degrees of agreement with observations in terms of local detail. The only substantial disagreement between the model and observations occurs over the Maritime Continent, where the observations show a negative precipitation ano maly. To further investigate the reason for the disagreement, the vertical velocity anomaly field across the Pacific is reported in Fig. 14 . Overall the Walker circulation anomaly is well reproduced by the RegT-Band, the only region where the model shows a different signal is between 80° and 100°E, where the reanalysis has a descending vertical velocity ano maly that is not reproduced by the model. Fig. 15 shows the Hovmoller diagrams for the 2 different years. In 1998 the model is able to capture the precipitation response connected with the positive El Niño phase. The location of the precipitation anomaly is slightly moved to the north compared to observations, but the timing of the event is correctly simulated for both El Niño and la Niña events.
In summary, despite the completion of a single realization including a single ENSO event, our results indicate that the model is capable of capturing the first-order precipitation response to ENSO anomalies.
CONCLUSIONS
One of the important capabilities of the newly developed regional climate modeling system Reg CM4 is the possibility to run the model in tropical band mode, which we refer to as RegT-Band. In the current paper we present a first assessment of a 5 yr simulation of this model configuration at a horizontal grid spacing of ~39 km. The analysis presented here indicates that the model reproduces the basic characteristics of the tropical circulation and surface climate, although with some systematic biases compared to observations, particularly over the Indian Ocean. This is an especially difficult region to simulate in atmosphere-only models due to the strong coupling with the ocean dynamics (e.g. Ratnam et al. 2009) .
Although for this run we selected a particular set of physics schemes after several short sensitivity tests, the RegCM4 model is sensitive to the choice of physics parameterizations, in particular for convection and land surface (Giorgi et al. 2012) . For example, we have found that Indian Ocean precipitation is indeed sensitive to the use of the Grell versus the Emanuel scheme (L. Mariotti pers. comm.). Often, however, different schemes show varying performances over different regions of the tropics, and it is ) (averaged between 10°N and 10°S) for JFM in RegT-Band and ERA-Interim thus a very complex, time-consuming and resourceintensive task to select a configuration that ubiquitously shows the best performance.
We are in the process of analyzing further aspects of the simulation, such as the simulation of tropical storms and the Madden-Julian Oscillation, as well as testing different model options and configurations further. Despite this ongoing process, the results presented here are clearly encouraging towards the use of the RegT-Band configuration for studies of tropical climate processes. We emphasize again that in its tropical band configuration, the RegCM system mostly behaves as a global model; thus, RegT-band offers the opportunity of a more stringent assessment of model behavior. We are indeed planning to employ the RegT-band model for climate change simulations, studies of tropical processes and as a test bed for comparing corresponding experiments with limited area domains. 
